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We consider whether photo-disintegration is ever able to provide an effective mechanism for the production of VHE γ-ray
emission from astrophysical sources. We find that the efficiency of this process is always smaller by a factor A/Z2 (∼ 4/A)
than that of nuclei cooling through Bethe-Heitler pair-production. Furthermore, for sources optically thin to TeV emission,
we find that the efficiency of this process can be no more than 3× 10−5(Rsource/RLarmor), where Rsource is the source size and
RLarmor is the CR nuclei Larmor radius. We conclude that this process is unable to provide an effective mechanism for VHE
γ-ray emission from astrophysical sources.
I. INTRODUCTION
For any candidate cosmic ray (CR) source, the require-
ment that the acceleration time in the source be shorter
than the escape time from the source is a condition that
must be necessarily satisfied [1]. However, beyond this,
other requirements may also be necessarily satisfied for
these sources to also be considered good γ-ray emitters.
One such condition is that the CR cooling time is not too
much longer than the CR escape time from the source.
The possible role of photo-disintegration as an origin
of VHE γ-rays from astrophysical sources was suggested
some time ago [2]. Further to this, the origin of TeV
emission from both star formation regions (SFR) [3] and
gamma-ray bursts (GRB) [4] sources have recently been
suggested to be produced through photo-disintegration
interactions of CR nuclei within the source. Leaving
the problem of acceleration aside, we here focus instead
on the constraints placed by cooling and escape times.
These are considered for photo-disintegration and other
available radiation field based CR cooling mechanisms in
order to determine their relative cooling efficiencies.
The details of the de-excitation of nuclei following
photo-disintegration interactions [5] (such as the exact
energy of the de-excitation line and the photon produc-
tion multiplicity) are of importance for the detailed mod-
elling of the subsequent γ-ray emission spectrum. How-
ever, we here consider the cooling times of this process
in order to address its relative efficiency with respect to
other processes in order to determine whether it can ever
play an important role as a VHE γ-ray production mech-
anism.
Since a source’s luminosity in secondary particles,
Lsecond., relates to its CR luminosity, LCR, by,
Lsecond. = fLCR, (1)
where f = 1− e−ttrap/tcool describes the total cooling ef-
ficiency within the source, ttrap are the CR containment
times in the source, and tcool are the CR cooling times.
For sources semi-transparent to CR, ttrap/tcool < 1, and
f ≈ ttrap/tcool. For γ-ray emission powered by such CR
cooling, the total efficiency of CR cooling relates to the
cooling efficiency through the γ-ray production channel,
fγ , by f = fγ + fe + fother, where fγ and fe are the
cooling efficiencies through photon and electron/positron
production respectively, and fother accounts for the cool-
ing efficiency through other particle production channels.
Though the electron production channel may not at first
glance be considered a radiative channel, these electrons
may proceed to cool in the source’s radiation and mag-
netic fields, giving rise to radiative emission as they do
so. The specific γ-ray luminosity relates to the specific
CR luminosity by,
Lγ(KCRγECR) = fγLCR(ECR), (2)
where KCRγ is the fractional energy exchange of the pri-
mary CR to photons for the relevant process. The factor
fγ describes the efficiency with which cosmic rays are
able to transfer their energy directly to photons before
they exit the source.
With γ-ray emission powered by CR in this way, an
energy budget crisis may be encountered for the parent
CR power output if the cooling time is too much larger
than the escape time. High efficiency in the conversion of
CR to γ-ray power is thus frequently required for sources
to be considered good γ-ray emitters.
The layout of this paper is as follows, in section II we
consider the CR nuclei cooling efficiency relative to other
radiation field based cooling processes. We follow on from
this by considering in more detail the comparison of these
rates with the use of a a fiducial 1 eV greybody radiation
field. In section III these results are applied to typical
source environments in order to determine the cooling
times of CR nuclei and other CR particles for each of
these given environments. In order to see how magnetic
fields may improve the source efficiency, in section III A,
we investigate how far beyond the rectilinear crossing
time (Rsource/c) diffusive CR trapping may increase the
escape time by. Following this investigation into the effi-
ciency range of these different radiative processes for par-
ticular sources, we investigate the general conditions nec-
essary for high efficiencies in section IV. For such maxi-
mal efficiencies, the transparency of our general source to
such TeV photon emission through photo-disintegration
is determined in section V. We finish by reversing these
arguments in order to infer a few of the necessary source
characteristics of UHECR nuclei by requiring that pho-
tondisintegration is highly inefficient within the source
2environment.
II. THE PHOTO-DISINTEGRATION COOLING
MECHANISM
Focusing on the CR nuclei cooling efficiency, we here
consider both the photo-disintegration and pair produc-
tion nuclei cooling channels. As a comparison of these
nuclei cooling processes to other available radiation field
based cooling mechanisms, we also consider CR proton
cooling through both photo-pion production and pair
production channels, and CR electron cooling through
inverse Compton interactions.
For sources semi-transparent to CR, such that they do
not deposit the majority of their energy before escaping
the source, the (maximum) relative efficiency of a given
channel, f
γ/e
max, is dictated by the CR cooling time, t
γ/e
cool,
dependent on the product of the fractional energy ex-
change to secondary photons or electrons per collision,
KCRγ/e (where the subscript quantities refer to outgo-
ing particles from the collision), and the cross-section for
these interactions, σCRγ ,
fγ/emax ∝
(
t
γ/e
cool
∣∣∣
min
)−1
≈ KCRγ/eσCRγ
∣∣
max
, (3)
whose values for each of the processes are given in Ap-
pendix B. We note here that cooling processes with
threshold energies become highly suppressed for center-
of-mass energies below that required, leading to the
possible relative enhancement of processes with smaller
threshold energies in this case.
For the photo-disintegration process, the fractional
energy exchange per interaction to photons KAγ ≈
〈NγΓAE⋆〉/EA, where E⋆ ∼1 MeV is the nuclei excita-
tion energy, Nγ is the photon multiplicity, and EA is
the CR nuclei energy. Assuming that a single photon is
emitted by the nucleus,
KAγ ≈
E⋆
Ampc2
≈
10−3
A
. (4)
Since the photo-disintegration cross-section goes as
σth.Aγ ≈ A mb [3] (σ
th. referring to the cross-section value
in the resonance region just above threshold), for this
process, KAγσAγ |max ≈ 10
−30 cm2, with a threshold
photon energy of 10 MeV being required in the nucleus’
rest frame. Although upon photo-disintegration nuclei do
change species, we here ignore the effect this has through
the assumption that their Lorentz factor is not signifi-
cantly alterered during the disintegration chain. Interest-
ingly, but for different reasons, a similar fractional energy
exchange per interaction of KAe ∼ 10
−3/A is found for
nuclei Bethe-Heitler pair-production [6, 7], whose cross-
section σAγ ≈ Z
2 mb. This leads to KAeσAγ |max ≈
(Z2/A) 10−30 cm2, with a threshold photon energy of
1 MeV being required in the nucleus’ rest frame. Though
a photo-meson production channel may also be available
for nuclei cooling [8], we ignore this process in our dis-
cussion.
In comparison, for photo-meson production,
Kpγσpγ |max ≈ 10
−28 cm2, and a photon threshold
photon energy of 145 MeV is required in the proton
rest frame. For proton Bethe-Heitler pair-production,
Kpeσpγ |max ≈ 10
−30 cm2, and a photon threshold
photon energy of 1 MeV is required in the proton rest
frame.
Similarly, in comparison, for inverse Compton cooling,
Keγσeγ |max ≈ 10
−25 cm2, and no photon threshold en-
ergy exists. Along with cooling in the source’s radiation
field, CR electrons may also cool via synchrotron cooling
in any magnetic fields present. The relative rate of elec-
tron cooling in these two electromagnetic fields is propor-
tional to their energy density (Uγ and UB respectively).
In this work, however, we focus our attention only on
cooling in the source’s radiation fields, implicitly assum-
ing that the synchrotron cooling channel in the source
environment is subdominant.
From this comparison of photo-disintegration cooling
with other cooling processes available to CR in a radia-
tion field, one at first sight would expect that the inverse
Compton process is able to provide significantly larger
cooling efficiency than the other processes. Such a con-
clusion, however, carries an assumption that this cooling
channel is free to proceed in the Thomson regime. Fur-
thermore, no strong evidence exists that CR electrons,
protons, and nuclei are equally populous in the accel-
eration regions, thus a less efficient process may well be
able dominate the TeV γ-ray emission from a source if its
parent particle CR population is heavily dominant. This
initial comparison also indicates that pair creation can
be expected to dominate over the photo-disintegration
cooling channel for heavy nuclei. Though this process
can not be thought of as a direct photon emission chan-
nel, the high energy electrons produced may cool either
in the same radiation field or in the source’s magnetic
field. Thus the electron production channel will give rise
to (tertiary) photon emission.
In order to look further into a comparison of these
different cooling processes, we next determine their ra-
diative cooling rates, explicitly, in a common 〈ǫγ〉 = 1 eV
greybody environment with a number density of 〈nγ〉 =
1 cm−3. The expressions used to determine these inter-
action and cooling times are given in Appendix B.
Before a comparison of these cooling curves, with re-
spect to multi-TeV photon production, can be made,
the different energy parent CR must be considered for
the different proceses. With the fractional energy ex-
change for photo-disintegration being ∼ 10−3/A, CR nu-
clei with an energy of ∼500 PeV may give rise to multi-
TeV photons through this process. Similarly, with the
fractional energy exchange for photo-production being
∼ mπ/mp ≈ 0.1, ∼100 TeV protons may also give rise
to multi-TeV photons (the ratio between the CR nuclei
and protons energies, which give rise to the same energy
photons, being ∼ Ampc
2/MeV). Though the fractional
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FIG. 1: The interaction and cooling times for nuclei (top),
protons (middle), and electrons (bottom) in our fiducial grey-
body radiation field with 〈ǫγ〉 = 1 eV and 〈nγ〉 = 1 cm
−3.
energy exchange to photons for electron IC cooling de-
pends on whether this occurs in the Thomson or Klein
Nishina regime (see Appendix B), we consider electrons
with 100 TeV cooling at the Thomson/Klein Nishina
transition, with a fractional energy exchange of ∼ 10%,
for the purpose of comparison. Thus, in order to for us to
fairly compare the multi-TeV emission rates using Fig. 1,
the cooling curve times of ∼500 PeV nuclei and 100 TeV
protons and electrons must be considered.
From the CR nuclei cooling plot in Fig. 1, we see that
Bethe-Heitler pair production cooling always dominates
over the photo-disintegration channel for heavy nuclei.
For CR proton cooling, however, it is seen that the photo-
meson channel dominates over the pair production chan-
nel once this process is able to find sufficient center-of-
mass energy through collisions with the source photons.
For electron cooling, a strong minimum is seen to exist
in the cooling time, where, for increasing electron energy,
the increase in the fractional energy exchange, Keγ , and
the onset in the decrease of the cross-section, σeγ , occurs.
III. TEV γ-RAY PRODUCTION EFFICIENCIES-
SPECIFIC EXAMPLES
We here focus on the efficiencies of the TeV photon
production channels available to the CR nuclei cooling,
as well as CR proton and electron cooling, in the radia-
tion field of example sources. Although the environments
of the sources that we use are not all well constrained,
we here utilise example values as a demonstrative tool.
Favourable values for all sources are used in these calcu-
lations. A brief summary of these source regions is given
in the following paragraph. Further details and assump-
tions about these source regions are given in Appendix A.
For the accretion disk (AD) environments surrounding
M ∼100 M⊙ (small) and ∼10
8 M⊙ (large) blackholes,
we assume both their luminosity and magnetic fields are
at their Eddington values (Lγ ≈ 10
38 (M/M⊙) erg s
−1
and B ≈ 6 × 108η1/2 (M/M⊙)
−1/2
G), with a source
size assumed of Rsource ≈ 100 RSchwarz. in both cases.
For the gamma-ray bursts (GRB) environment, a bulk
Lorentz factor of Γ ≈ 3×102 and an apparent luminosity
of Lγ ≈ 10
51 erg s−1 are assumed. Along with this,
an internal (comoving) magnetic field of strength 104 G
and a (comoving) emission region of size 3× 10−9 pc are
taken. For X-ray binary sources (XBS) a luminosity of
1038 erg s−1, a magnetic field of 102 G, and a source
region of size 5 × 10−6 pc is taken. Finally, for our star
formation region (SFR), a luminosity of 1041 erg s−1, a
magnetic field of 10−5 G, and a size of 10 pc is used.
Through the application of simple transformations to
the resuls in Fig. 1, using the mean photon density and
energy in the source (whose values are given in TABLE I
of Appendix A), the cooling times for the different source
environments are found. In this way, Fig. 1 demonstrates
that only the radiation fields of the more compact sources
(such as small AD environments and GRB fireballs) pos-
sess photons of the necessary energy for all the direct
TeV producing channels considered to operate. For the
less compact sources than these (SFR and XRB), with
cooler radiation fields, only the Aγ photo-disintegration
and eγ inverse Compton processes can operate as direct
TeV γ-ray producing mechanisms.
However, assuming that a source’s radiation field is
sufficiently hot for the direct photon emission channel
to open up, the efficiency of a process depends simply
on the mean photon density 〈nγ〉 of a source’s radiation
field. Constraining the minimum CR trapping time in the
source , tmintrap, to be the light crossing time for the system,
a lower bound can be placed on the source transparency
(fCRγ) to CR nuclei, protons, and electons for cooling
4through their direct photon production channel,
tcool ≈
(
4π〈ǫγ〉Rsourcec
KCRγσCRγLγ
)
Rsource
c
= fCRγmin
(
Rsource
c
)
.(5)
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FIG. 2: A luminosity size diagram showing the source lumi-
nosity per mean photon energy in erg s −1/eV and source
size in pc. The dotted lines shown represent lines of con-
stant (minimum) efficiency for the photo-disintegration cool-
ing process. The sources shown are discussed in more detail
in Appendix A, and are shown as representative examples.
In Fig. 2 we show a comparsion of the example source
sizes and Lγ/〈ǫγ〉 values for the photo-disintegration pro-
cess. This plot highlights a problem that both our com-
pact binary and the star formation region sources face as
CR proton or nuclei sources whose losses in the source’s
radiation field power their TeV photon emission. For
efficiencies, fγ , far below unity (in logarithmic space),
larger and larger CR luminosities are necessary to power
TeV photon emission. With 〈nγ〉Rsource following a trend
of decreasing for larger and larger source sizes (Rsource),
it is clear that a trend of increasingly poor source effi-
ciency can be expected, unless the assumption of rectilin-
ear propagation through the source is strongly violated.
In order for the efficiency, fγ , to be brought closer to
unity for the source, it is necessary that magnetic fields
in the source region prolong the duration of CR in the
source’s radiation field (indeed some degree of magnetic
field trapping is necessary for Fermi first or second or-
der acceleration to take place at all). We consider the
maximal possible effects magnetic trapping may have on
increasing the efficiency in the following section.
A. Magnetic Trapping Improvements on the γ-ray
Production Efficiency
We constrain the maximum trapping time, tmaxtrap, to
be the diffusive escape time from the system at the
Bohm limit , tmaxtrap = R
2
source/2DBohm, where DBohm ≈
cRLarmor/3 [9]. Thus, an estimation of the factor by
which magnetic trapping may increase the source effi-
ciency is obtained through a consideration of the mag-
netic fields present in the source regions, by
tmaxtrap =
(
3Rsource
2RLarmor
)
Rsource
c
. (6)
With CR protons only needing an energy of roughly
(Amπc
2/MeV)−1 times that of CR nuclei in order to
give rise to the same energy photons through photo-
meson production as those produced through photo-
disintegration by CR nuclei of a given energy, their lar-
mor radii are a factor of (Amπ/(Z MeV))
−1 (ie. ∼ 1/200
when compared to iron nuclei) smaller than those of CR
nuclei. Thus, for the same source environment, the max-
imal increase in the efficiency of both photo-meson pro-
duction and inverse-Compton cooling processes are a fac-
tor of 200 higher than those achievable for nuclei (de-
manding that all processes give rise to the same energy
TeV γ-rays).
By presenting, in a “Hillas plot” fashion [1], the source
size and magnetic fields for the different source environ-
ments we consider (see Appendix A), a quick determina-
tion of how much smaller than the source size the gyro-
radii of 500 PeV nuclei are can be made for each object.
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FIG. 3: A “Hillas”-type plot [1] showing the source magnetic
field in Gauss and source size in pc. The dotted lines shown
represent lines of constant (maximal) trapping enhancement
of the efficiency by magnetic fields in the source. The sources
shown are discussed in more detail in Appendix A, and are
shown as representative examples.
Using the maximal trapping factors obtained from
Fig. 3, the increase in the photo-disintegration efficien-
cies for the different sources is obtained. These results
in collaboration with the rectilinear efficiencies found in
Fig. 2 allow the maximum photo-disintegration efficien-
cies to be obtained.
5For the example case of extented sources such as SFR,
for which a photo-disintegration origin of VHE emis-
sion was discussed in [3], a maximal efficiency, taking
into account magnetic trapping effects, of fAγ ≈ 10−8
is acheived. Such low efficiencies, for objects with TeV
luminosities ∼ 1035 erg s−1 lead to the requirement of
uncomfortably large (> 1043 erg s−1) multi- TeV CR
luminosities to power these sources, suggesting that this
process is not responsible for any TeV emission seen from
them. Similary for the example case of compact objects
such as GRB, for which a photo-disintegration origin of
VHE emission was discused in [4], a maximal efficiency
of fAγ ≈ 10−2 is obtained. Again, a low efficiency for
this process places a heavy burden on the underlying CR
luminosity required.
This does, however, leave open a small window of pos-
sibility for a CR nuclei origin of multi-TeV photon emis-
sion from the more compact GRB and AD sources. How-
ever, we note two caveats that come with this state-
ment. The first is that even for extragalactic sources,
should photo-disintegration occur with a low efficiency,
an uncomfortable demand may still be placed on the
source CR luminosity. Secondly, we also note (as demon-
strated by Fig. 1), that photo-distinegration occuring
with KAγσAγ |max ≈ 10
−30 cm2 and nuclei pair-creation
occuring with KAeσAγ |max ≈ (Z
2/A) 10−30 cm2, nu-
clei pair-creation is able to provide the dominant chan-
nel for electromagnetic emission, if the high energy elec-
trons/positrons are born into sufficiently dense magnetic
or radiation fields.
Thus, the source requirements necessary for maximal
efficiencies (fpγ ∼ 1 and fAγ ∼ 0.1) for specific cases
have been found. In the next section we focus on the
general source parameters necessary for large efficiencies.
IV. TEV γ-RAY PRODUCTION EFFICIENCIES-
GENERAL CASE
We here investigate the conditions required within the
environment of a compact luminous object in order to
allow maximal TeV production efficiencies through the
photo-meson and photo-disintegration processes.
Using the loss times and the escape times from a sys-
tem, an expression for the efficiency is found in terms
of the source parameters. The loss time for CR interac-
tions with background photons in the source may approx-
imately be expressed as, tCRγcool ≈ 1/(KCRγσ
th.
CRγ〈nγ〉c).
Similarly, the diffusive escape time from the accelerator
region is, ttrap ≈ R
2/2D, where R is the distance being
diffused by the CR and D is the diffusion coefficient.
Thus, using the source efficiency, fCRγ ≈ ttrap/t
CRγ
cool ,
the photon density may be related to the factors describ-
ing the diffusive escape and CR interaction physics by,
〈nγ〉 =
fCRγ2D
KCRγσth.CRγR
2c
. (7)
Since, 〈nγ〉 = L
therm.
γ /c4πR
2ǫγ , the dependence of the
efficiency on the source luminosity, Lγ , diffusion coeffi-
cient, D, and mean target photon energy 〈ǫγ〉 is,
fCRγ =
Ltherm.γ KCRγσ
th.
CRγ
8π〈ǫγ〉D
. (8)
By expressing the diffusion coeffient in terms of the
Bohm limit, D = ξcRLarmor/3 = ξcECR/3ZBc,
fCRγ =
Ltherm.γ KCRγ3σ
th.
CRγZBc
ξ8πc〈ǫγ〉ECR
, (9)
where ξ describes how far the diffusion scattering is from
the Bohm limit (ξ > 1).
Photo-Meson Production Efficiency-
Since for photo-meson production to occur it is required
that,
2Epǫγ > 2mpc
2mπc
2 + (m2πc
2)2, (10)
where mπ is the rest-mass energy of a pion
(mπ0c
2 ∼135 MeV). Thus, a simple relationship between
the fpγ , Ltherm.γ and B of a source is found,
fpγ ≈
Ltherm.γ cBKpγ3σ
th.
pγ
ξ8πcmpc2mπ.c2
≈ 0.3
(
1
ξ
)(
Ltherm.γ
1042 erg s−1
)(
B
1 G
)
. (11)
Photo-Disintegration Production Efficiency-
Since for photo-disintegration to occur it is required that,
2EAǫγ > Ampc
2Ebind. (12)
where Ebind. is the theshold energy for single nucleon
loss (∼10 MeV). Thus, a simple relationship between the
fAγ , Ltherm.γ and B of a source is found,
fAγ =
Ltherm.γ cBKAγ3σ
th.
AγZ
ξ4πcAmpc2Ebind.
≈ 0.1
(
1
ξ
)(
Z
26
)(
Ltherm.γ
1042 erg s−1
) (
B
1 G
)
.(13)
Eqns (11) and (13) succinctly summarise the upper
limit results for the pγ photo-meson and Aγ photo-
disintegration TeV producing cooling efficiencies, agree-
ing with those obtained from Fig.s 2 and 3 for the differ-
ent sources we considered in the previous section. How-
ever, we note that these expressions do assume that the
source radiation field is hot enough such that these cool-
ing processes are above threshold. Furthermore, by ex-
pressing both a source’s luminosity and the magnetic field
in terms of their Eddington values, for an object of a
given mass, LEdd.BEdd. = 6×10
46 (M/M⊙)
1/2 erg s−1 G,
6it is seen that the more massive objects offer a larger
range of both luminosities and magnetic fields that
may give rise to large cooling efficiencies through these
hadronic processes. For any such compact massive object
with sufficient luminosities and magnetic field to achieve
large efficiencies, zones will exist around the compact lu-
minous object in which the radiative efficiency of each of
the two processes becomes maximal.
As demonstrated, any region within a source whose lu-
minosity and magnetic field collectively satisfy the con-
dition Ltherm.γ B > 10
43 erg s−1 G will have a photo-
disintegration channel that is maximally effiecient. Fur-
thermore, for such regions the photo-meson channel’s ef-
ficiency will also be maximal (and larger).
Thus, a general condition has been found for photo-
disintegration to become maximally efficient for TeV pro-
duction mechanism. However, the transparency of a
source to the TeV photons produced from such sources is
questionable in this case. In the following section, we in-
vestigate the opacity for maximally efficient (fAγ ∼ 0.1)
sources to the TeV γ-rays they produce.
V. SOURCE OPACITY TO TEV γ-RAYS
PRODUCED VIA PHOTO-DISINTEGRATION
With 500 PeV nuclei needing to interact with photons
of energy, ǫγ > 1 eV, in order to give rise to multi-TeV
γ-rays from a source, these same target photons will hin-
der the escape of the TeV photons, through photon pho-
ton pair creation interactions if the source is optically
thick to TeV photons. In fact, taking the efficiency to
be fAγ ≈ ttrap/t
Aγ
cool, a simple relationship may be found
relating the radiative efficiency of CR nuclei with energy
EA, to the opacity of the source to TeV γ-rays, with
energy ETeVγ , due to a source radiation field with mean
photon energy ǫγ
fAγ =
(
Rsource
RLarmor(EA)
)
KAγ(sAγ)σAγ(sAγ)
σγγ(sγγ)
τγγ , (14)
where τγγ = Rsource/ct
γγ
cool is the opacity of the source
to 10 TeV photons, and sAγ = 4EAǫγ + (Ampc
2)2 and
sγγ = 4E
10 TeV
γ ǫγ are the squared center-of-mass energies
obtained in the two sets of collisions. For ǫγ = 1 eV,
sAγ ≈ s
th.
Aγ and sAγ ≈ 40 s
th.
γγ respectively, resulting in
eqn (14) leading to the relation,
fAγ ≈ 3× 10−5(Rsource/RLarmor)τ
γγ . (15)
For this result we have utilised the relation σγγ(40 s
th.) ≈
0.15 σmaxγγ . Hence, if RLarmor > 3× 10
−5 Rsource, τ
γγ = 1
is a necessarily satisfied condition for ensuring maximal
radiative efficiency. On the other hand, if RLarmor <
3 × 10−5 Rsource, maximal efficiency is still possible for
τγγ < 1. Thus, for RsourceB < 1 pc G, the attenu-
ation of TeV photons by the source’s radiation field is
a natural consequence of a maximal radiation efficiency
(fAγ ≈ 0.1). Applied to the example sources considered
in section III, all but the large AD source would atten-
uate their TeV emission, if this emission originates from
efficient photodisintegration interactions.
If the source’s radiation field dominates sufficiently
over its magnetic field energy density (taking into ac-
count the reduction in σeγ at these energies), such at-
tenuation will lead to the development of an electromag-
netic cascade in the source. The feeding of these heavy
nuclei CR cooling powered cascades, in fact, will be dom-
inanted by the injection of electron/positron pairs pro-
duced through Beth Heitler nuclei pair production in-
teractions. Once initiated, these cascades will continue
to develope until the cascade photons have insufficient
energy to further photon photon pair create. Photons
of energy Eγ < 100(ǫγ/1 eV)
−1 GeV will thus be able
to eventually escape the source’s radiation field. Such
sources may therefore be expected to exhibit the uni-
versal cascade spectrum shape at these energies [10].
If, however, the source’s magnetic field dominates suf-
ficiently over its radiation field energy density, the en-
ergy deposited into the electron/positron pairs will be re-
released via sychrotron emission with an energy Esyncγ ≈
1 (B/1 G) MeV.
Thus, we find that only CR sources more than five
orders of magnitude larger than the Larmor radii of
the 500 PeV CR they are accelerating are able to be
transparent to TeV photons and still be efficient to
the photo-disintegration cooling process which produced
the TeV photons. All other sources with large photo-
disintegration efficiencies will kill their own TeV emission
either through the feeding of electromagnetic cascades
down to 100(ǫγ/1 eV)
−1 GeV energies or through MeV
synchrotron emission. This all but closes the window on
TeV emission powered by photo-disintegration, leaving
only regions close to a large AD remaining viable source
regions where both the efficiency may be large and the
TeV opacity small enough for this emission to escape.
In our final section, our previous arguments are turned
on their head, with us instead demanding that a source
is inefficient to photo-disintegration in order for it to be
a good candidate source of the UHECR nuclei detected
at Earth.
VI. THE LOW EFFICIENCY REQUIREMENT
FOR THE SOURCES OF UHECR NUCLEI
DETECTED AT EARTH
We here briefly consider the ease with which both
UHECR nuclei and and TeV photons may propagate
through the source radiation field. At these higher CR
energies, the UHECR nuclei interact preferentially close
to threshold with 10−2 eV IR photons. Furthermore,
any multi-TeV photons produced by such interactions
will themselves interact close to threshold with the same
target photons. Thus, a similarity relation holds between
1020 eV iron nuclei photo-disintegration interactions and
1014 eV γ-ray pair production interactions, as discussed
7in [4, 11].
With the peak cross-section for heavy nuclei, just
above threshold, being σth.Aγ ∼A mb, and that for pho-
ton photon pair production, just above threshold being
σmaxγγ ∼200 mb, the interaction rates of these two pro-
cesses go approximately as tFeint ≈ 4 t
γ
int. Since both pro-
cesses, close to threshold, occur with photons of a simi-
lar energy (∼ 10−2 eV), the detection of VHE (100 TeV)
photons from astrophysical objects, without evidence of
attenuation through pair production in the source, may
be used as an indicator that such a source is also trans-
parent to UHECR nuclei.
More quantitatively, applying eqn (14) for both pro-
cesses close to threshold, giving us the relation, fAγ ≈
5 × 10−6(Rsource/RLarmor)τ
γγ , combining this with the
constraint that if no significant photodisintegration takes
place in the source, fAγ < 10−4, tells us that for a source
transparent to UHECR nuclei,
τγγ < 20(RLarmor/Rsource). (16)
Thus, it is possible for such a source to be be opaque
to TeV photons, and yet still be sufficiently transparent
to UHECR nuclei so as not to significantly disintegrate
them. Depending on how much smaller than the source
the Larmor radii of 1020 eV nuclei are, it is clearly also
possible for a source to be transparent to TeV photons
and not to UHECR nuclei. However, with few astrophys-
ical objects even able to satisfy the Hillas criterion for
1020 eV nuclei, it is hard to envisage Rsource/RLarmor be-
ing considerably larger than a factor of 10 or so. Thus it
seems most natural that an UHECR source transparent
to TeV photons will be transparent to UHECR nuclei.
Furthermore, if TeV photon emission is powered by
photo-disintegration, the TeV luminosity of a source
transparent to both UHECR nuclei and TeV photons
must be ∼ fAγ times the sources UHECR nuclei lumin-
sity. With the local extragalactic 1-100 TeV γ-ray sources
within ∼ 50 Mpc being M 87, Cen A, and NGC 253,
M 82, having TeV luminositites ≤ 1041 erg s−1 [12], their
TeV power output approximately match that required
by the UHECR sources if a source number density of
10−5 Mpc−3 is assumed [13]. Thus, the similarities in
these luminosities is strongly suggestive that their multi-
TeV γ-ray emission is not powered by UHECR nuclei
photo-disintegration.
We lastly note as a matter of interest that if it is as-
sumed that an accelerator of UHECR nuclei has its mag-
netic luminosity in equipartition with its thermal lumi-
nosity [14, 15], an assumption perhaps not so obviously
motivated, the luminosity of 1020 eV iron nuclei must be
Ltherm.γ ≈ 4 × 10
42 erg s−1. Applying to this eqn (13)
with fAγ ≈ 10−4 suggests that the acceleration site of
1020 eV iron nuclei must contain magnetic fields of the
order of 4× 10−5 G in strength!
VII. CONCLUSION
We have here followed the suggestion that the photo-
disintegration channel, available to CR nuclei cooling in
a radiation field, may function as an effective TeV pro-
duction mechanism. We have taken a closer look at this
process through the consideration of the cooling times
and subsequent efficiency in converting CR luminosity
into γ-ray luminosity. A comparison of the cooling rates
for CR nuclei relative to those for CR proton and elec-
tron cooling was made using the KCRγσCRγ value for
each process. This strongly indicated that the photo-
disintegration channel for CR nuclei was highly ineffi-
cient, being neither larger than those of the other species,
nor larger than that for the Bethe Heitler pair production
cooling channel.
Following these comparisons, we determined more pre-
cisely the cooling efficiency for CR nuclei (and CR pro-
tons and electrons) for specific example sources. Small
photo-disintegration efficiencies were found for all but the
most compact luminous objects. A consideration of the
magnetic trapping enhancement on these efficiencies in-
dicated that objects for which the efficiency was small
did not have their efficiency significantly improved by
such trapping. Further to this, the photo-disintegration
channel efficiency was found to be always a factor A/Z2
smaller (10% for iron nuclei) than that of the Bethe
Heitler pair production channel efficiency.
The production efficiencies for the general case were
then obtained for both the photo-meson CR proton
and photo-disintegration CR nuclei cooling mechanisms.
This result verified that a source for which photo-
disintegration operates best requires both a large lumi-
nosity and magnetic field (Ltherm.γ B > 10
43 erg s−1 G).
However, the subsequent absorption of the TeV emission
by the radiation field in such sources was found to be an
inevitable problem in almost all cases. Furthermore, the
transparency of a source to its TeV emission was found
to put strong constraints on the photo-disintegration ef-
ficiency, with fAγ < 3 × 10−5(Rsource/RLarmor) for such
sources, where RLarmor is the Larmor radius of a 500 PeV
nuclei in the source, which has sufficient energy to give
rise to multi-TeV γ-rays through this channel.
With low TeV γ-ray production efficiencies being ob-
tainable through photo-disintegration, uncomfortable de-
mands are placed on the underlying CR luminosity pow-
ering the system in almost all scenarios. Thus, we con-
clude that this process is unable to offer the efficient
conversion of CR luminosity into multi-TeV luminosity
frequently required by astrophysical sources.
Turning these arguments around for UHECR nuclei
sources, the transparency of a source to multi-TeV γ-rays
was shown to be a strong indicator that a source is also
transparent to UHECR nuclei. Furthermore, the com-
parison of the CR luminosity expected from nearby extra-
galactic regions with the multi-TeV luminosity of nearby
extragalactic sources was used to demonstrate that the
photo-disintegration channel can not be responsible for
8this multi-TeV emission.
Appendix A: Source Size and Environment
Accretion Disk Fed Radiation Fields- We here
consider the radiation fields surrounding accretion disks
(ADs). Following the assumption that the radiation fields
around these objects are dominated by their accretion
disk’s thermal emission, we determine the expected ra-
diation field for regions close to the ADs surrounding
blackholes. This description is used to obtain the radia-
tion field for the family of blackhole masses, from small
AD (∼ 102M⊙) to large AD (∼ 10
8M⊙) environments.
For the small AD environment, we use a luminosity of
1040 erg s−1. For a fiducial size of these systems, we con-
sider a region a factor of 10 larger than the AD, whose ra-
dius is assumed to be 10 RSchwarz., giving us a source size
of ∼ 10−9 pc. Similarly, for the large AD environment
we assume a mass of ∼108 M⊙, an AD of 10 RSchwarz.,
and a source size of ∼ 10−3 pc.
Assuming that the luminosity of the object is at the
Eddington limit, LEdd. = 10
40 (M/100 M⊙) erg s
−1,
and that this radiation is released via an AD at
10 RSchwarz.(100 M⊙), the blackbody radiation field en-
ergy density in the vicinity of the AD is,
Uγ =
LEdd.
4π(10 RSchwarz.)2c
(
R
10 RSchwarz.
)−2
(A1)
= 2× 1023
(
R
10 RSchwarz.
)−2
eV cm−3. (A2)
where R is the radial distance from the star’s surface.
If this energy flux is released via blackbody emission
from the AD surface, the mean photon energy of this
radiation will be,
〈ǫγ〉 = 600
(
100 M⊙
M
)1/4
eV (A3)
Thus for small AD we employ a radiation field with
〈nγ〉 = 2 × 10
18 cm−3 and 〈ǫγ〉 = 600 eV, and for large
the AD 〈nγ〉 = 1× 10
14 cm−3 and 〈ǫγ〉 = 20 eV.
Stellar Fed Radiation Fields- We also consider
objects whose radiation fields are dominated by stellar
emission such as certain high-mass X-ray binary sytems
(XBS), with a size ∼AU (5× 10−6 pc). Our fiducial ob-
ject is assumed to consist of a high mass companion star
and compact neutron star binary system. The radiation
fields present within these systems are dominated by the
light emitted from the stellar surface of the massive com-
panion star, which we take to be 30 M⊙ in mass, 8 R⊙
in size, emitting blackbody radiation with a mean energy
of 〈ǫγ〉 = 10 eV. Thus, the radiation field density in the
vicinity of this star will be,
〈nγ〉 = 2× 10
15
(
〈ǫγ〉
10 eV
)3(
R
8 R⊙
)−2
. (A4)
where R is the radial distance from the star’s sur-
face. Such stars bathe the system in 〈ǫγ〉 ≈10 eV
energy photons with number densities of the order
〈nγ〉 ≈ 10
11 cm−3 close to the star (∼ 1000 R⊙).
An Ensemble of Stellar Fed Radiation Fields-
A third category of object to be considered are star for-
mation regions (SFR), with sizes ∼10 pc. These systems
contain even more dilute radiation fields than the sys-
tems previously considered, consisting of an ensemble of
tens of thousands of stars, of which hundreds are massive
stars (>30 M⊙) [16], with a collective luminosity which
we estimate to be ∼ 1041 erg s−1.
The radiation field in these systems is dominated
(in energy density) by the output from the ensemble
of ∼1000 massive stars in the region. As discussed in
[3], the dilution factor, d, of the radiation field from an
ensemble of stars of radius ROB(≈ 10 R⊙) distributed
randomly within a sphere, goes with the ratio of the
collective surface area of the ensemble of stars to the
total surface area of the encompassing sphere surround-
ing these stars. With the system being 4 × 107ROB in
size, d ≈ 5 × 10−12. Thus, the average energy density,
averaged over the whole region, will be d×Uγ , where Uγ
is the black body energy density at the stellar surface,
which for M = 30 M⊙ with 〈ǫγ〉 = 10 eV, has a value
Uγ ≈ 2× 10
16 eV cm−3, is dUγ ≈ 10
5 eV cm−3.
Synchrotron Fed Radiation Fields- For our GRB
radiation field model, we continue in the vein of [17],
applying the results of the fireball model, and assuming
the GRB radiation field to be the result of synchrotron
emission from a relativistic population of electrons. For
our fiducial object, we take an emission region of size (in
the comoving frame) Γc∆t ≈ 3 × 10−9 pc, using Γ =
3 × 102 and ∆t = 10−3 s. Assuming the GRB mean
power output to be 1051 erg s−1, with the emission each
∆t ≈ 10−3 s being released by a different shell, and the
mean photon energy in this emission being 〈ǫγ〉 ≈ 10
6 eV,
the total number of emitted photons released per shell is
Nγ =
Lγ∆t
〈ǫγ〉
≈ 6× 1053 (A5)
Taking the dimensions of the emitting shell in the lab
frame to have width Γ2c∆t and thickness c∆t, an esti-
mate of the lab frame volume of the emitting region is,
V = 4πΓ4 (c∆t)
3
≈ 3× 1033 cm3 (A6)
Thus, the estimated lab frame number density of the
radiation is 2 × 1020 cm−3. In the comoving frame of
the shell, in which the shell’s thickness is ΓRSchwarz., this
reduces to 〈nγ〉 ≈ 7 × 10
17 cm−3, and the mean photon
drops to 3×103 eV. A summary of the radiation field den-
sities and mean photon energies in each of these sources
is given in TABLE I.
9Appendix B: CR Interactions and Cooling
Inverse Compton Scattering Interactions-
The cross-section (σeγ) for this process is given by [18],
σγe(b) =
3
4
σT
b
[(
1−
4
b
−
8
b2
)
ln(1 + b) +
1
2
+
8
b
−
1
2(1 + b)2
]
where b is the squared center-of-mass energy available
in the collision in units of
(
mec
2
)2
, which for head on
collisions is given by b = 4Eeǫγ/(mec
2)2. This cross-
section in the Thomson regime (b ≪ 1), σT, has a value
of 665 mb (=6.65×10−25 cm2), and a fractional energy
exchange per interaction (the fraction of energy the par-
ticle gives up to photons per collision), which grows with
squared center-of-mass energy (b) as [19],
Keγ(b) =
〈
Eoutγ
〉
Ee
=
1
Eeσ(b)
∫ Eout
γ
0
Eoutγ
dσeγ(b, E
out
γ )
dEoutγ
dEoutγ
= f(b)
b
1 + b
(B1)
where Eoutγ is the energy of the photon produced, Ee is
the energy of the interacting electron, f(b) is an angle
averaged factor, taking into account the momentum dis-
tribution of the radiation field, and is of the order of 1/3
in the Thomson limit (b≪ 1).
We note here that we neglect the opening up of other
channels for eγ interactions, such as triple pair produc-
tion, since these channels are suppressed by ∼ (α/π),
and don’t compete with the inverse Compton channel
until energies well above those for which b = 1.
Inverse Compton interactions can lead to the rapid
cooling of VHE electrons and the subsequent production
of VHE photons.
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FIG. 4: The cross-section (left) and fraction energy exchange
per interaction (right) for inverse Compton interactions with
an isotropic photon distribution as a function of the squared
center-of-mass energy in the collision in units of (mec
2)2, a
quantity we here refer to as b.
Pion Production Interactions-
The cross-section (σpγ) for this process has been deter-
mined using SOPHIA [20], whose model fits well the mea-
sured data [21]. The energy exhange to photons per in-
teraction has also been determined using SOPHIA.
Photo-disintegration Interactions-
This process has a cross-section containing a resonance
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FIG. 5: The cross-section (left) and energy exchange per in-
teraction (right) for pγ interactions as a function of the photon
energy in the proton’s rest frame. These plots were obtained
using the results from [20].
(the Giant Dipole Resonance) whose height can be ap-
proximately described by σth.Aγ ≈ σmbA. A parameterisa-
tion of the measured form for certain species is provided
by [22].
The energy exhange to photons per interaction is
KAγ =
〈NγEγ〉
EA
≈
10−3
A
. (B2)
where 〈Nγ〉 is the mean number of photons liberated in
each interaction, 〈Eγ〉 is the mean energy of each photon
produced in the lab frame, and EA is the nucleus’s energy
in the lab frame.
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FIG. 6: The cross-section for Feγ interactions as a function
of the photon energy in the nuclei’s result frame. This plot
was obtained using the results from [22].
Using the cross-sections given above, the interaction lengths for each process may be obtained
tintCRγ(ECR) =
(
(mCRc
2)2
2E2CR
∫ ∞
0
1
ǫ2γ
dnγ
dǫγ
dǫγ
∫ 2ECRǫγ/(mCRc2)
0
σCRγ(ǫ
′
γ)ǫ
′
γdǫ
′
γ
)−1
Combining the energy exchange per interaction with the interaction time, an expression for the cooling time is
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obtained,
tcoolCRγ(ECR) =
(
(mCRc
2)2
2E2CR
∫ ∞
0
1
ǫ2γ
dnγ
dǫγ
dǫγ
∫ 2ECRǫγ/(mCRc2)
0
KCRγ(ǫ
′
γ)σCRγ(ǫ
′
γ)ǫ
′
γdǫ
′
γ
)−1
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Candidate Object Size [pc] 〈nγ〉[cm
−3] 〈ǫγ〉 [eV]
GRB 3× 10−9 7× 1017 3× 103
AD (small) 10−9 2× 1018 6× 102
AD (large) 10−3 1014 20
XBS 5× 10−6 1011 10
SFR 10 104 10
TABLE I: A summary table of the source sizes, radiation field
densities, and mean photon energies.
